Abstract-In-phase and quadrature skew inside a coherent receiver, caused by misalignments, can severely limit performance. Future 400G systems employing higher order modulation formats and Nyquist filtering are especially sensitive to this. A blind adaptive equalizer is proposed to track and compensate the skew while also performing matched filtering. Performance is investigated in simulation for 56 GBd polarization division multiplexed 16-quadrature amplitude modulation (PDM-16QAM) and experimentally for 6 GBd PDM quadrature phase shift keying (PDM-QPSK) and PDM-16QAM, where compensation for delays up to half a symbol period are demonstrated without penalty. At 30% delay skew, the maximum skew recommended by Optical Internetwork Forum (OIF) for PDM-QPSK, a gain of 1.6 dB for PDM-QPSK, and a gain of more than 5 dB for PDM-16QAM is observed compared with using a conventional equalizer.
I. INTRODUCTION
T O ACCOMMODATE the increasing demand in data rate, optical networks are transitioning to coherent techniques and high spectral efficiency modulation formats, such as polarization division multiplexed (PDM) quadrature phase shift keying (QPSK) and higher order quadrature amplitude modulation (QAM). The coherent receiver translates the entire optical field of the signal into the digital domain enabling efficient digital signal processing (DSP) to compensate optical channel impairments such as polarization-mode dispersion (PMD), chromatic dispersion (CD) and fiber non-linearity. However, any imperfection in the optical front-end and the analog to digital converters (ADC), Fig. 3 (a), can severely limit the performance of these algorithms; especially if high symbol rates are used (shorter symbol period). The Optical Internetwork Forum (OIF) states that coherent receiver for PDM-QPSK with data rates up to 32 GBd should have a maximum delay skew of 10 ps [1] , 32% of the symbol period. Current state of the art phase and polarization diverse coherent receivers can achieve delay skews below 5 ps [2] which corresponds to 28% of a 56 GBd symbol period, which is in agreement with OIF. There are calibration techniques that compensate for those misalignments [3] , however they all require additional DSP blocks which leads to higher cost and power consumption. In this letter we propose a new blind equalizer to mitigate the timing skew and effectively relax constrains on optical components. A similar structure using training sequences and decision directed equalization has previously been proposed [4] . However, decision directed equalization requires frequency offset removal and carrier phase estimation to be carried out simultaneously or prior to equalization. Herein we demonstrate that a blind adaptation can be achieved without the need for training sequences or decision directed equalization.
Future systems with data rates of 400 Gbit/s, will utilize higher order QAM as well as high baud rates. One option currently being explored is to use 56 GBd PDM-16QAM [5] , achieving 448 Gbit/s (400 Gbit/s plus 12% coding overhead). Furthermore, for compatibility with the 100 GHz frequency grid, Nyquist filtering would be required. However with Nyquist filtering the eye opening of each symbol is shorter, making the systems more sensitive to any delay skew caused by the coherent receivers and can lead to severe performance degradation. Here, we will demonstrate through simulation how the proposed equalizer will be able to compensate any potential delays in such systems. Additionally, 6 GBd PDM-QPSK and PDM-16QAM transmitted over 80 km with digitally added delays will be used to experimentally verify the results.
II. EQUALIZER STRUCTURE
In a conventional equalizer, Fig. 1 , the in-phase and quadrature components for each polarization are treated together as one complex valued input. This equalizer has two complex inputs and two complex outputs and is often referred to as 2 × 2 MIMO (multiple input multiple output). The modified equalizer structure, Fig. 2 , separates in-phase and quadrature for each polarization, having four real valued inputs and four real valued outputs (4 × 4 MIMO).
Because the 2 × 2 equalizer structure enforces joint filtering of the in-phase and quadrature signal components and has only 8 real valued independent filters it is not able to compensate for any imbalance between the in-phase and quadrature components. The constraints of the 2 × 2 MIMO, Eq. only when there is no delay skew. By removing them and using 16 independent filters, each of the four input components can have a different transfer function through the equalizer; this will allow for tracking and compensation of any imbalance.
To update the taps of the filter we have implemented a constant modulus algorithm (CMA) for QPSK and a radially directed equalizer (RDE) for higher order QAM, which does not require training symbols and can be updated using a blind algorithm. Although false locking (equalizer convergence on only one polarization) is possible, initial simulations showed that the probability is lower than for 2 × 2 MIMO, and it was not observed during experiments and simulations. The errors and filter tap updates are calculation are shown in Eqs. (2) and (3), where R k is the radius of the nearest constellation ring.
It should be noted that both equalizer structures have the same complexity. This is because the the 2x2 MIMO structures requires complex multiplications, where each complex multiplication consists of four real multiplications and two additions, while the 4 × 4 MIMO structure is using only real multiplications. It is also possible to implement complex multiplications using three real multiplications and five additions [6] , however in some scenarios this might increase latency because of the extra additions. In either case, the memory requirements are doubled for the 16 real filters (4 × 4) versus the four complex filters (2 × 2).
III. SIMULATION AND EXPERIMENTAL CONFIGURATION
In simulation a 448 Gbit/s (56 GBd) PDM-16QAM signal was generated. Nyquist filtering was implemented using a root-raised cosine (RRC) filter with a roll-off of 0.01, when Nyquist filtering was not used this filter was omitted. The signal was then detected using a coherent receiver. A local oscillator (LO) with a 100 kHz linewidth and a frequency offset of 200 MHz was used to simulate what can be achieved in the lab using free running lasers. The delay skews were added in the frequency domain before down sampling to 2 Sa/symbol, however there was no difference if they were added before or after the quantization as both processes are linear. The delays were set as follows; δ X _I was kept at zero, δ X _Q was varied from zero to half a symbol period, δ Y _I = −0.5 · δ X _Q and δ Y _Q = 0.25 · δ X _Q , with respect to Fig. 3 (a) , forcing the equalizer to compensate for multiple different delays. When using Nyquist filters the same filter can be applied at the receiver side as a matched filter (MF). This can be done by using a finite impulse response filter (FIR) with precomputed taps, however any imbalance between the in-phase and quadrature components needs to be corrected before the matched filtering. An alternative approach is to increase the equalizer taps and allow it to converge to the MF while also compensating for any imbalance. Either a conventional 2 × 2 or the proposed 4 × 4 equalizer was used for this. Afterwards, frequency offset removal was performed before a carrier phase estimation using decision directed phase estimator [7] . Finally hard decisions were made using the maximum likelihood algorithm k-means clustering [8] before symbol decoding and bit error rate (BER) counting. The full digital signal processing chain can be seen in Fig. 5 .
The configuration used to collect the data is displayed in Fig. 3 . An ECL with a linewidth of 20 kHz was modulated using an IQ-Modulator, driven by an arbitrary waveform generator (AWG) operating at 12 GSample/s to produce 6 GBd QPSK and 16QAM. The signals were pre-filtered with the same RRC filter as in simulations. PDM was emulated by passing the signal through a polarization multiplexing stage. Afterwards, the signal peak power was set to 0 dBm, to minimize any non-linear effects during the transmission through 80 km of single mode fiber (SMF). At the receiver the signal was first pre-amplified using an erbium doped fiber amplifier (EDFA) and noise-loaded before detection by a phaseand polarization-diverse digital coherent receiver. The local oscillator (LO) laser was another ECL with a linewidth of 100 kHz. After sampling the signal at 50 GSample/s, PDM-16QAM was processed as previously described, while for PDM-QPSK a 4th power Viterbi & Viterbi phase estimator [9] and simple hard decisions were used instead.
IV. RESULTS AND DISCUSSION
In simulations before the delay skew was applied the signal was noise loaded to a BER of 3.8 × 10 −3 . To determine the number of taps required for the equalizer to approximate the matched filter 1.8 ps (about 10% of the symbol period) of delay skew was added to the signal and the number of taps was varied. Fig. 4(b) shows that the performance for both equalizers improves as the number of taps is increased until 31 taps with no additional gain afterwards. Therefore the number of taps used for the equalizer was set to 31. In Fig. 4 (c) the delay skew was varied from 0% to 50% of the symbol period. As the delay skew increases the penalty for using the 2 × 2 equalizer increases rapidly as it is not able to compensate for the delays. We have choosen to focus on the Nyquist filtered case because it suffers more severely from delay skew. The proposed 4 × 4 equalizer has a constant performance for all the delays up to 9 ps (about 50% of the symbol period) with and without Nyquist filtering. When the delay is 30% of the symbol period, 10 ps, as recommended by OIF for PDM-QPSK, the gain for using the 4 × 4 equalizer is more than 5 dB.
Verification of the simulation was done experimentally with 6 GBd PDM-QPSK and PDM-16QAM. The signals were noise loaded at the receiver before detection as in simulations. The delays added to the signals were proportional to the symbol period for a valid comparison between the 6 GBd signals and the simulated 56 GBd.
Similarly to the simulation we first investigated the number of taps required for a matched filter approximation in the presence of 17 ps delay (10% of the symbol period). The results for PDM-QPSK, shown in Fig. 6 (a), demonstrate that 25 taps are required. The delay skew was then varied from 0% to 50% of the symbol period, Fig. 6 (b). The same procedure was then applied to PDM-16QAM. Determining that 31 taps would be required for saturation and then varying the delays, Fig. 6(c, d) . At a delay of 30%, as recommended by OIF the penalty for PDM-QPSK is about 1.6 dB, while for PDM-16QAM is larger than 5 dB.
There is excellent agreement between the simulation results, Fig. 4(c) , and the experimental results, Fig. 6(d) . The experimental results for PDM-QPSK, Fig. 6(b) , exhibit the same trend, although the penalty for the 2 × 2 equalizer is smaller compared to PDM-16QAM. In all three scenarios the 4 × 4 equalizer was able to compensate for delay skews up to half a symbol period with no extra penalty. However, as the 2 × 2 equalizer was not able to compensate for the delay skew the performance was severely degraded.
V. CONCLUSION
We have proposed and demonstrated through simulations and experiments a blind adaptive 4 × 4 MIMO equalizer which is able to compensate for in-phase and quadrature delay skew up to half a symbol period in the presence of Nyquist filtering without penalty, while also adaptively approximating the matched filter. Furthermore we showed that, when the timing skew was not compensated by using the conventional
